INTRODUCTION
The prevalence of HIV-associated sensory neuropathy (HIV-SN) is higher in black individuals than in whites and Asians on similar antiretroviral therapy (ART) regimens. 1,2 This debilitating and often painful condition is predicted to remain a significant long-term complication of HIV infection in Africa, irrespective of changes to treatment guidelines. [3] [4] [5] Two recent studies in South Africa reported that about 60% of HIV-positive out-patients on ART had HIV-SN, and over two-thirds of these patients had a painful neuropathy. 6, 7 While not fatal, HIV-SN has a significant negative impact on psychological, social and economic well-being 4 and there are no proven treatments for the pain. 8 The pathogenesis of HIV-SN has not been fully explained, but human [9] [10] [11] and animal studies 12 indicate that inflammation plays a central role. Genetic studies support an inflammatory etiology, providing evidence of associations with polymorphisms in TNFA, IL4 and IL10. [13] [14] [15] [16] The TNF block ( Figure 1 ) is a roughly 60 kbp region on chromosome six in the central MHC that contains many immunoregulatory genes. Alleles within the block have been associated with several inflammatory diseases including rheumatoid arthritis, type 1 diabetes and venous leg ulcers. [17] [18] [19] Alleles of two single nucleotide polymorphisms (SNPs) within the block (TNF-1031/ rs1799964*C and BAT1(intron10)/rs9281523*C) have been associated with increased risk of HIV-SN in whites and Malays. TNF-1031*C was also part of a 6-SNP haplotype associated with an increased risk of HIV-SN in these populations. 15 BAT1(intron10)*C marks the 8.1 ancestral haplotype (HLA-A1, B8, DR3), a haplotype that has been associated with other immunopathological disorders. 20 Building on this evidence that polymorphisms within the TNF block alter the risk for HIV-SN, we investigated an African population. We have defined a series of 37 haplotypes of 31 SNPs that explain 490% of variance in white, Chinese, Indian, Malay, Aboriginal (Australian and Malay) and Southern African populations. 21 These have been defined with a consistent nomenclature (FV haplotypes). 22 As African populations have greater genetic diversity compared with non-African populations, 23 we included 30 additional population-appropriate tagSNPs. Each of the 61 SNPs individually, the 31-SNP FV haplotypes and novel 61-SNP haplotypes (FV ext haplotypes) were used to assess associations with HIV-SN in black Southern Africans.
MATERIALS AND METHODS
The study was approved by the Human Research Ethics Committee (Medical) of the University of the Witwatersrand, South Africa (protocol number: M080220 and M110754), and written informed consent was obtained from all participants. HIV-positive adults who had been on combination ART for at least 6 months were screened for neuropathy at the Virology Clinic of the Charlotte Maxeke Johannesburg Academic Hospital, South Africa between July 2008 and April 2009. At this time, stavudine (d4T) was routinely included in first-line therapy in South Africa. An interpreter fluent in English and local African languages facilitated consent and study procedures. The clinical and demographic associations with neuropathy status among the stavudineexposed participants in this study have previously been published. 6 
Phenotyping procedure
Consecutive patients were invited to take part and those who consented to study involvement were screened using the AIDS Clinical Trials Group (ACTG) Brief Peripheral Neuropathy Screen, which is a validated tool for identifying symptomatic HIV-SN. 24 Symptomatic HIV-SN was defined by at least one symptom experienced bilaterally (pain, aching or burning; numbness; pinsand-needles) and at least one clinical sign (reduced vibration sense or absent ankle reflexes). Vibration sense was assessed using a 128 Hz tuning fork placed on the interphalangeal joint of each great toe; o10 s was considered abnormal. Individuals free from neuropathy were assigned as controls. Individuals with other risks for neuropathy (eg alcoholism, vitamin B12 deficiency and exposure to chemotherapy) were excluded.
SNP selection
All 31 SNPs previously included in the TNF block (FV haplotypes) 15 were included in the SNP list. These were supplemented with population-specific tagSNPs from the same chromosomal region genotyped in the Yoruba in Ibadan, Nigeria (YRI) population, available from the International HapMap dataset (HapMap Data Release 27, Phase II þ III, February 2009, on the National Center for Biotechnology Information (NCBI) B36 assembly, dbSNP b126). 25 A list of tagSNPs was selected using the software program Haploview (version4.2) 26 using a pairwise approach at r 2 ¼ 1.0 and with minor allele frequency40.01. The list was refined using the Assay Design Tool evaluation by Illumina (San Diego, CA, USA; Technical Note: DNA Analysis), which eliminated any SNPs which could not be genotyped. This tagSNP selection procedure produced 46 SNPs, 12 of which were already part of the original 31 SNPs that define the original FV haplotypes. Three additional SNPs (rs1128640, rs3093661 and rs909253) were included based on a review of the literature. Of these new SNPs, two were monomorphic in our Southern African samples (rs2239707 and rs3093982) and were excluded. Three SNPs (rs1129640, rs3093544 and rs3093661) that failed Hardy-Weinberg equilibrium (HWE) were excluded. This left 30 new SNPs in addition to the original 31 SNPs. Alleles 1 and 2 of the original 31 SNPs were designated based on the white population, with allele 1 being the major allele and allele 2 the minor allele. All alleles in the new SNPs are designated respective to the forward ( þ ) strand of the genome assembly, and were obtained using BioMart (Ensembl release 67, May 2012). 27 
Genotyping
DNA extraction was performed on 5 ml venous whole-blood for the majority of samples included in this study. However, the first 39 individuals' DNA samples were extracted from saliva. This technique was subsequently replaced following concerns over DNA quantity. DNA was extracted from saliva samples using the QIAamp DNA mini kit (QIAGEN, Valencia, CA, USA) and from blood using the salting-out method. 29 SNPs were genotyped using the Goldengate assay on the Illumina BeadXpress genotyping platform (Illumina). Initial genotyping of three of the SNPs (rs3179003, rs2516478 and rs2523502) failed; rs3179003 was re-genotyped by allelic discrimination using a Taqman SNP genotyping assay (Applied Biosystems, Foster City, CA, USA). DNA extraction and genotyping was carried out in the Division of Human Genetics, National Health Laboratory Services & University of the Witwatersrand (Johannesburg, South Africa). Genotype data have been submitted to GWAS central (www.gwascentral.org; expected release May 2014).
Quality control
Raw genotype data were examined using the genotyping module of BeadStudio (Framework version 3.1.3.0; module version 3.2.32). Data quality was assessed using Illumina-designed built-in assay controls and samples failing more than two such controls (out of five) were excluded from further analysis. To minimize the possibility of technical error influencing the association analysis, we excluded SNPs with HWE o1 Â 10 À4 . 30 
Statistical analyses
Clinical and demographic associations with SN status were analyzed in Stats11 (StataCorp, College Station, TX, USA) as previously described. 6 Statistical analyses of genetic data were carried out using PLINK. 31,32 w 2 -analysis employing allelic, genotypic, dominant and recessive models were performed to test for association between the SNPs and the presence of HIV-SN. Haplotypes were also analyzed using w 2 . SNPs and haplotypes achieving a P-value o0.05 on univariate analysis were included in multivariate analyses. Logistic regression was used to test for association, while correcting for factors previously associated with risk of HIV-SN in this cohort: age and height. 6 We employed empirically calculated P-values (EMP) in all analyses, using 1000 permutations. We report two EMP values: EMP1 an empirical but uncorrected value and EMP2 which corrects for multiple comparisons.
PHASE analysis and reconstruction of FV haplotypes
Haplotypes were defined by carriage of allele 2 at each SNP, where allele 2 referred to the minor allele in whites. The definition of alleles 1 and 2 refer to whites and were held constant here to allow comparison between ethnicities. 15, 21 Haplotype reconstruction and population frequency estimations were performed using PHASE v2.1, 33, 34 which is recognized as the best tool for this purpose. 35, 36 Default parameters were used (100 iterations, a burn-in value of 100 and a thinning interval of 1) along with performing a case-control permutation test with 1000 permutations. The algorithm was run five times, with different seeds for the random number generator in each run. All haplotypes with a frequency of o1% were excluded from further analyses. Figure 1 The TNF block is a region of the major histocompatibility complex on chromosome six that contains many immune-related genes.
Haplotypes were aligned with the 31-SNP FV haplotypes and 61-SNP FV ext haplotypes were generated to include the additional population-specific tagSNPs. Linkage Disequilibrium (LD) between SNPs was visualized using Haploview, where the confidence interval method was implemented. 26 
RESULTS
Three hundred and forty two black Southern African HIV-positive patients were recruited and successfully genotyped. Of these, 75% (257/342) were female with a mean age of 39 (SD 8) and median CD4 T-cell count of 388 cells/ml (range 27-1091) at the time of assessment. Ninety-eight percent (334/342) were treated with ART regimens that included stavudine (d4T). Antiretroviral regimens of the remaining eight patients were zidovudine based (n ¼ 1), tenofovir based (n ¼ 6) or nucleoside sparing (n ¼ 1, on ritonavir-boosted lopinavir with efavirenz). We note that the rate of SN among patients who had never used stavudine (3/8) was not different from the overall cohort (P ¼ 0.5, Fisher's exact test) and that neither the demographic or genetic associations with SN presented here were influenced by whether or not these individuals are included in the cohort. Fiftysix percent (56%, 190/342) had HIV-SN. Most were South African (93%, 318/342) with the remaining 7% from other Southern African countries in the Southern, Narrow-Bantu sub-group of the NigerKordofanian ethno-linguistic grouping (Zimbabwe n ¼ 12, Mozambique n ¼ 9, Malawi n ¼ 2, Zambia n ¼ 1). Increasing age and increasing height were the only demographic factors associated with SN, as previously described. 6 None of sex, weight, body mass index, current or nadir CD4 T-cell count nor a history of TB were associated with SN status in this cohort.
Associations between HIV-SN and individual SNPs were assessed. No association was detected between HIV-SN and carriage of the C allele at TNFA-1031/rs1799964 or BAT1(intron10)/rs9281523 (alleles associated with HIV-SN in white and Asian populations). [13] [14] [15] However, associations were found with 10 other SNPs on allelic and dominant models of univariate analysis, seven of which remained significant after correction for age and height (independent risk factors for HIV-SN in this cohort 6 ), and multiple comparisons (Table 1) .
To illustrate the unique patterns of LD in this South African population, an LD plot of the TNF block was constructed using Haploview (Supplementary Figure 1) . Nine LD blocks within the region were identified, six of which contained SNPs associated with HIV-SN in this cohort.
PHASE analysis reconstructed 62 31-SNP FV haplotypes and 126 61-SNP FV ext haplotypes, of which 13 and 20, respectively, had a frequency 41%. The 13 31-SNP FV haplotypes accounted for 87% of the cohort and the 20 61-SNP FV haplotypes accounted for 74% of the cohort. Figure 2 shows 61-and 31-SNP FV haplotypes aligned according to shared SNPs. Univariate analysis identified one 61-SNP haplotype (FV18_ext1) that was associated with HIV-SN (EMP1 o0.05) (Supplementary Table 2 ). The association with increased risk of HIV-SN remained after correction for age, height and multiple comparisons (EMP2 ¼ 0.009; OR (95% CI) ¼ 2.09 (1.26-3.50)).
DISCUSSION
This is the largest study to date of the TNF block and risk of HIV-SN, and the first in an African population. We found no association with SNPs previously associated with HIV-SN or with 31-SNP FV haplotypes described in this population. 21 However we found strong novel associations between HIV-SN and seven SNPs from across the TNF block and a 61-SNP haplotype that included Yoruban tagSNPs (FV18_ext1). As expected, we also observed a unique LD pattern across the TNF block in this Southern African population, as compared with other non-African groups. 22 While it would be premature to assign a particular biological phenotype to carriage of a particular haplotype, the associations with HIV-SN demonstrate an inflammatory etiology and in time will help to elucidate pathogenic pathways. Importantly, improving our understanding of SN pathogenesis may lead to effective preventative strategies, or even pathogenesis-based treatments for a condition that currently lacks effective analgesic options. 8 Of the individual SNPs associated with neuropathy, allele 2 was associated with reduced risk in each case (Table 1 ). The FV18_ext1 haplotype was associated with increased risk of HIV-SN. Consistent with the results for the SNP analyses, for each associated SNP, the allele not associated with protection was contained in FV18_ext1. The parent 31-SNP haplotype (FV18) was not associated with HIV-SN but this was subdivided into four 61-SNP extension haplotypes by the Yoruban tagSNPs. FV18_ext1 was defined by alleles carried at rs11796, rs909253 and rs1041981, which were associated with HIV-SN. The 31-SNP FV18 haplotype associates with increased TNFa and LTa production by blood leukocytes in whites. 37 These differences may have been clearer if the donors had been genotyped at the Yoruban tagSNPs. In contrast to Asians and whites, [13] [14] [15] we found no association between TNFA-1031/rs1799964*C and HIV-SN. A mini-haplotype FVa6,7,8 comprising six SNPs and including TNFA-1031/rs1799964*C associated with increased risk of HIV-SN in Chinese and Malay individuals, 15 but did not occur in the Southern Africans. This result is most likely owing to the unique LD pattern observed in this population (Supplementary Figure 1) . It is possible that previous associations of TNFA SNPs with HIV-SN could be owing to indirect association. Genetic association studies in African populations have the distinct advantage that LD generally exists over a shorter genomic distance, resulting in an increased probability of identifying the true causal variants. 38 The suggested use of an algorithm combining patient age, height and carriage of the TNFA-1031/rs1799964*C genotype to predict likelihood of developing HIV-SN on stavudine 13 would therefore be inappropriate in this African population.
BAT1(intron10)/rs9281523*C associated with increased risk of HIV-SN in whites 14 but not in Southern Africans. In addition, we found no association with the well-known TNF-308/rs1800869*A, which has been associated with high production of TNFa 39 and clinically with rheumatoid arthritis in Egyptians and Brazilians, 40, 41 lupus nephritis in Portuguese individuals 42 and type 1 diabetes in Asians. 43 Both BAT1(intron10)*C and TNF-308*A mark FV16 and the 8.1 ancestral haplotype (HLA-A1, B8, DR3, DQ2). 44 Although FV16 did not influence TNFa or LTa production, 37 the 8.1 ancestral haplotype has been associated with higher TNFa production in vitro 39, 45, 46 and with multiple autoimmune diseases. 20, 47 Clearly BAT1(intron10)*C and TNF-308*A do not tag the causative SNPs in Southern Africans.
The cytokine LTa is closely related to TNFa and the SNP LTA þ 252/rs909253 has frequently been assessed in conjunction with TNF-308/rs1800869. LTA þ 252/rs909253*G has been associated with inflammatory and autoimmune conditions [48] [49] [50] in non-African populations. Conversely, we found LTA þ 252/rs909253*G associated with reduced risk of HIV-SN. This might allude to the complexity of HIV-SN 12 or suggest the different tagging of SNPs by rs909253 in Southern Africans. Unfortunately this SNP was not included in our earlier studies of TNF haplotypes. [13] [14] [15] The C allele of another LTA SNP, rs1041981, also associated here with reduced risk of HIV-SN. Studies reporting associations with this SNP and risk of diabetes and myocardial infarction in various ethnicities have yielded conflicting results, [51] [52] [53] [54] [55] consistent with differing LD patterns in different populations.
Of the other SNPs associated with HIV-SN, only NFKBIL1-62/ rs2071592 has been studied previously. The paucity of functional data related to this gene hampers interpretation of any associations. The A allele of NFKBIL1-62/rs2071592, which associated with reduced risk of HIV-SN here, associated with protection against systemic lupus erythematosus in Colombians. 56 In another study, the T allele was associated with increased risk of rheumatoid arthritis (suggesting relative protection with the A allele) in Taiwanese and Japanese individuals. 57, 58 It has been suggested that the A allele may disrupt transcription of NFKBIL1. 58, 59 rs2071591 also from NFKBIL1 and rs2071594 from ATP6V1G2 have also been associated with rs7738380  rs6916921  rs6929796  rs2857605  rs2230365  rs3130062  rs28445017  rs4947324  rs2516390  rs2857709  rs915654  rs2516312  rs2844482  rs2071590  rs2239704  rs909253**  rs2229094  rs1041981**  rs1799964  rs1800630  rs4248158  rs1800750  rs1800629  rs2228088  rs1799769  rs3093662  rs3093665  rs3093668  rs3093671  rs4645846  rs7769073  rs2256974  rs1052248 rs986475 rs3179003
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* = SNPs that are significant following correction for covariates (age and height) ** = SNPs that are significant following correction for covariates (age and height) and multiple comparisons Figure 2 Original FV haplotypes 15, 22 and FV sub-haplotypes (generated with population-specific tagSNPs) in this Southern African population. SNPs found to be associated with HIV-SN are shown in bold. SNPs included in the original FV haplotypes are shown shaded.
development of rheumatoid arthritis. 58 However, there is no evidence of independent associations with disease or protein production and these alleles are in tight LD with NFKBIL1-62/rs2071592*A, even in this Southern African cohort (Supplementary Figure 1) . We consider the possibility that associations with TNF block haplotypes may be mediated by variations in genes outside the TNF block, most likely elsewhere in the MHC. While the TNF block has tight internal LD, it is less strongly linked with HLA genes or with alleles in the centromeric region of the central MHC (HSP, complement and so on). TNF blocks have been aligned with conserved MHC haplotypes found in Asians and whites. 44 However Southern African MHC haplotypes have not been defined so we would need a cohort large enough to detect associations between 30 þ TNF haplotypes and 20-50 MHC Class l and ll alleles. This is outside a study of HIV-SN.
Considering the TNF block in isolation, this study of an African cohort allows us to narrow down the list of SNPs likely to be critical to the phenotype. We selected tagSNPs based on data from the Yoruban in Nigeria, accepting that they are not genetically identical to Southern Africans. However a 61-SNP haplotype augmented with these tagSNPs associated with HIV-SN risk, where no association with the 31-SNP FV haplotype was found. It would have been ideal to verify whether HIV-negative Southern Africans carry FV18_ext1, but the high prevalence of HIV in Southern Africa means that all donors would need to be tested. This would have ethical implications. It is worth noting that there were no differences in the TNF haplotypes with and without HIV in white and Asian haplotypes. 15 The prevalence of HIV in Africa is greater than any individual risk allele, so there is no reason to suppose that Southern Africans differ from other ethnicities in this regard. Ethnic heterogeneity in our cohort may have influenced results, but was minimized by only including local black Southern Africans who declared no white ancestry and whose local ethnic affiliation belonged to the Southern, Narrow-Bantu sub-group of the larger Niger-Kordofanian language grouping. This grouping shows lower heterogeneity than other African population groups 60 and local studies have revealed no significant substructure in the population. 61, 62 The TNF block is known to be highly conserved but TNF block SNPs and haplotypes associated with HIV-SN are fundamentally different in this African population. The associations with individual SNPs and FV18_ext1 withstood correction for age, height and multiple comparisons. This is the strongest evidence to date that genes in the TNF block influence development of HIV-SN.
